A definitive IA diagnosis is usually based on the isolation and identification of an Aspergillus species and/ or microscopic evidence of fungi in histopathological specimens [5] . However, the low sensitivity of fungus culture from clinical specimens (10% to 30% [6] ) and the need for (invasive) biopsies in critically ill patients limit the occasions when definitive diagnoses are possible. Invasive aspergillosis (IA) is one of the most common life-threatening complications in immunocompromised patients. Voriconazole is currently the drug of choice for IA treatment. However, some patients with IA suffer clinical deterioration despite voriconazole therapy. Management of voriconazole-refractory IA remains challenging; no useful recommendations have yet been made. Voriconazole-refractory IA can be further categorized as disease attributable to misdiagnosis or co-infection with another mold; inadequate blood voriconazole blood; inadequate tissue drug concentrations attributable to angioinvasion; immune reconstitution inflammatory syndrome; or infection with voriconazole-resistant Aspergillus. Hence, when encountering a case of voriconazole-refractory IA, it is necessary to schedule sequential tests to decide whether medical treatment or surgical intervention is appropriate; to adjust the voriconazole dose via drug monitoring; to seek CYP2C19 polymorphisms; to monitor serum galactomannan levels; and to examine the drug susceptibility of the causative Aspergillus species.
INTRODUCTION
Invasive aspergillosis (IA), especially invasive pulmonary aspergillosis (IPA), is an opportunistic infection developing principally in patients with neutropenia, and in recipients of hematopoietic stem cells and solid organ transplants [1, 2] . In the time since a landmark study [3] of primary IA therapy showed that the mortality rate in a voriconazole-treated group (29%) was lower than that in an amphotericin-B-treated group (42%), voriconazole has been the drug of choice for IA treatment [4] . However, some patients with IA exhibit clinical deterioration despite voriconazole therapy. Management of voriconazole-refractory IA remains challenging; no useful recommendations have yet been made. Voriconazole-refractory IA can be further categorized as disease attributable to (1) misdiagnosis or co-infection with another mold; (2) inadequate voriconazole blood levels; (3) inadequate drug concentrations in tissue attributable to angioinvasion; (4) immune reconstitution inflammatory syndrome (IRIS); or (5) infection with voriconazole-resistant Aspergillus. In this review, we discuss case examples of each category, and offer guidance as to how such difficult clinical situations may be managed.
Recently, the criteria of the European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group (EORTC) have been widely used to diagnose IA, although these criteria are not recommended for use in daily clinical practice [7] . Caution is needed when diagnosing probable IA on the basis of positive galactomannan (GM) test results; the assay lacks both sensitivity and specificity. Numerous instances of false-positive and false-negative GM test results have been reported in patients with suspected IA [8] [9] [10] . The following case is a typical example. A 60-year female received an ABO-incompatible kidney transplant. Acute rejection developed soon after transplantation, resulting in graft failure. Four months after transplantation, the patient presented with fever, and a new lung nodule was detected on chest X-ray. Chest computed tomography (CT) revealed a mass-like consolidation (Fig. 1A) . The bronchoalveolar lavage (BAL) fluid was positive on the GM assay, although the serum was negative. No other pathogen was isolated and the final mycobacterial culture of BAL fluid (performed 8 weeks later) was negative. She was clinically diagnosed with probable IPA (using the EORTC criteria) and received voriconazole therapy. However, the chest mass-like consolidation increased despite 16 weeks of therapy, and many supraclavicular and mediastinal lymph nodes became enlarged (Fig. 1B) . The supraclavicular lymph node and a lung were both biopsied. The specimens exhibited chronic granulomatous inflammation with caseous necrosis. Voriconazole therapy was discontinued and empirical anti-tuberculosis (TB) therapy commenced. Six weeks later, a member of the Mycobacterium tuberculosis complex was cultured from sputum and aspirated lung tissue, and the masslike consolidation in the right lung became reduced in size after 8 weeks of anti-tuberculous therapy ( Fig. 1C  and 1D ). Thus, in this case, TB had been misdiagnosed as IPA because TB may occasionally present with atypical clinical manifestations in immunocompromised patients. Therefore, TB mimicking IPA should be considered in TB-endemic areas (such as South Korea). We recently found that about one-thirds of transplant recipients with TB underwent initial antifungal therapy and 20% to 30% showed positive GM test results [11] . Thus, misdiagnosis should be considered in voriconazole-unresponsive patients in whom IA is indicated based on non-culture-based assays, such as the GM test. It is likely that some patients diagnosed with probable IPA based on positive GM test data have in fact been misdiagnosed and treated with voriconazole in the past, with adverse outcomes. It is worth emphasizing that isolation of an Aspergillus species from even a non-sterile specimen yields important information in terms of IA status. The EORTC criteria state that a positive non-sterile culture result, combined with a positive GM assay outcome, afford the same level of evidence as a single positive mycological factor. Notably, we found that all five probable IPA cases with positive non-sterile culture results were also positive in the aspergillosis immunohistochemistry (IHC) assay only. Of 12 probable IPA cases for whom the GM assays were positive, only five (42%) were positive on the aspergillosis IHC test [6] . We thus infer that non-sterile culture results are more accurate than non-culture-based tests, such as the GM assay. Hence, we propose that the EORTC criteria should be stratified further into probable IPA based on GM test results and highly probable IPA based on non-sterile culture results.
Limitations of histomorphological diagnoses
Histomorphological diagnoses of invasive mold infections are usually definitive. However, some limitations should be borne in mind. The following is an extreme example. A 62-year female received a kidney transplant. On postoperative day 8, she developed severe abdominal pain and a sigmoid perforation with panperitonitis, and underwent total colectomy. The pathology of the resected colon ( Fig. 2A ) was morphologically compatible with mucormycosis ( Fig. 2B) . She therefore received conventional, amphotericin-B antifungal therapy. Despite 10 days of such therapy, she deteriorated clinically and a second-look operation was performed. Total gastrectomy, splenectomy, graftectomy, and ileal repair were required because the uncontrolled infection had extended to the liver, spleen, stomach, and small bowel. The fungal hyphae seen in the stomach, liver, and spleen branched at an acute angle and were septated, suggestive of aspergillosis rather than mucormycosis (Fig. 2C) . The initial The fungal morphology, as revealed by H&E (×400), was suggestive of mucormycosis. Mucormycetes invade tissues and cause vascular embolization. After surgery, despite the prescription of amphoterecin B, the infection was not controlled and a second-look operation involving total gastrectomy, splenectomy, graftectomy, and ileal repair was performed. Fungal balls were evident in the stomach and ileal walls. (C) Fungal hyphae associated with mycotic thromboemboli were evident in the stomach, liver, spleen, and peripancreatic tissue. The fungal hyphae were thin, evenly distributed, septated, and branched at an acute angle, suggestive of aspergillosis rather than mucormycosis (periodic acid-Schiff staining, ×400). (D) Mucormycosis immunohistochemistry (IHC) staining (×400) was positive and aspergillosis IHC was negative. The Korean Journal of Internal Medicine Vol. 32, No. 5, September 2017 pathology was reviewed and the final pathological report was revised from a morphological diagnosis compatible with mucormycosis to a diagnosis compatible with aspergillosis. The patient's clinical condition deteriorated and she died 6 days after the second-look operation. The aspergillosis IHC test was negative but the mucormycosis IHC test was positive (Fig. 2D) . Thus, the morphology of an infecting fungus may be confusing, indicating that morphological diagnosis has certain limitations.
We recently found that the extent of overall agreement in terms of histomorphological diagnoses made by two experienced pathologists was 87% [6] . Hence, disagreements were evident in 13% of cases. In addition, we earlier showed that 25% of pulmonary aspergillosis cases diagnosed based on both fungal morphology and other mycological evidence of aspergillosis were in fact incorrectly diagnosed (pulmonary mucormycosis had been interpreted as pulmonary aspergillosis) [6] . Therefore, the morphology of the infecting fungus alone is of limited utility in the diagnosis of aspergillosis.
Coinfection or colonization by other molds
Coinfection should be considered in cases of voriconazole -refractory IPA. An earlier study found that respiratory cultures of 13 of 17 patients (76%) with definite or probable pulmonary mucormycosis were also positive for another pathogen, and cultures of six of 13 histologically-proven cases (46%) of pulmonary mucormycosis yielded other molds, including three Aspergillus species and two Fusarium species [12] . We also earlier showed that positive GM test results were not uncommon in patients with proven or probable mucormycosis [6] .
We do not know whether other mold infections revealed by a positive GM test result, or culture of another mold, in patients with pulmonary mucormycosis are attributable simply to opportunistic colonization of damaged bronchi or true tissue-invasive coinfection. In addition, we do not know if frequent coinfection with another fungus in mucormycosis patients is exclusive to such patients, and thus absent in patients with aspergillosis; few studies concerning this have appeared. However, it is necessary to be cautious when interpreting non-sterile culture results and non-culture-based assays in patients with voriconazole-refractory IA; coinfection with another mold is a possible differential diagnosis. Combined antifungal therapy (voriconazole plus anidulafungin [13] or liposomal amphotericin plus caspofungin [14, 15] ), sequential antifungal therapy (voriconazole followed by liposomal amphotericin [16] ), and prescription of broader-spectrum azole agents such as isavuconazole [17] and posaconazole [18] may all be valuable in such uncertain situations.
INADEQUATE VORICONAZOLE BLOOD LEVELS
Many previous studies have shown that inadequate voriconazole blood trough levels are associated with treatment failure in patients with IPA [19, 20] , although some studies, including ours [21] , failed to detect an association between the blood voriconazole level and clinical outcomes. A recent randomized trial showed that therapeutic drug monitoring in patients undergoing voriconazole therapy improved the treatment responses [22] . Intuitively, it might seem that the voriconazole level should influence outcomes. However, the optimal timing of blood trough level sampling, yielding accurate voriconazole concentrations, remains unclear, as does the optimal dose level. Inter-and intra-dose voriconazole trough levels vary [19] [20] [21] , probably attributable to unrecognized confounders, including variations in intake, comedication levels, renal and liver disease, and polymorphisms in the gene encoding cytochrome CYP2C19 [21] . A particular CYP2C19 polymorphism triggering rapid voriconazole metabolism has been associated with treatment failure [23] . Thus, CY-P2C19 polymorphisms should be explored in patients with voriconazole-refractory IA. CYP2C19 mutations encoding aberrant isoenzymes that function poorly are more common in Asians than non-Asians (60% to 70% of Asians vs. 30% of Caucasians and Afro-Africans). Thus, ensuring that the voriconazole blood levels are adequate, adjusting the dose if required, and evaluating CYP2C19 polymorphism status are essential when treating patients with voriconazole-refractory IA.
INADEQUATE DRUG TISSUE CONCENTRA-TIONS ATTRIBUTABLE TO ANGIOINVASION
Angioinvasion is a feature of IA [24] . If blood vessels at the target site are damaged, the drug cannot reach the target site although the blood level appears to be ade-www.kjim.org https://doi.org/10.3904/kjim.2017.109 quate. A typical example follows. A 50-year-old female underwent chemotherapy to treat acute myeloid leukemia. Febrile neutropenia developed early. Chest CT revealed irregular consolidation accompanied by ground glass opacity and the halo sign (Fig. 3A and 3C ). Serum GM assays were strongly positive. In line with the EO-RTC criteria, the patient was diagnosed with probable IPA and received intravenous, followed by oral, voriconazole, the serum levels of which (3 to 4 mg/dL) seemed to be appropriate. One week after discharge, she presented to our emergency department with massive hemoptysis, and was intubated to protect the airway. She continued on voriconazole (200 mg twice daily); the trough blood level was 2.17 mg/dL. Follow-up chest CT revealed aspirated blood in the right middle and right lower lobes ( Fig. 3B and 3D ). She underwent emergency surgery to treat the massive hemoptysis. Pathological evaluation of the resected lung specimen revealed IA involving the pulmonary artery (see insets in Fig.  3B and 3D ). She recovered with no surgical complications; voriconazole therapy was maintained for about 6 months. We infer that switching to another antifungal might not have been helpful. The main pulmonary artery had been invaded and no systemically administered drug could reach the target site (i.e., the pulmonary artery). Therefore, a thorough evaluation of angio-invasive status, followed by surgical intervention (if necessary), is essential in some patients with voriconazole-refractory IA; switching to another antifungal agent is not so helpful in this clinical situation.
IMMUNE RECONSTITUTION INFLAMMATORY SYNDROME
Both clinical and radiological deterioration is sometimes observed during neutrophil recovery in IA patients; those with progressive IA and IRIS should be distinguished in this context. The median lesion volume in neutropenic patients with IPA, measured serially via CT, increased 4-fold from day 0 to day 7 despite antifungal therapy [25] . However, many physicians consider that radiological deterioration in IPA patients during neutrophil recovery is associated with progression of infection, triggering modifications of antifungal therapy, with or without surgery [26] . The GM titer may indeed reflect The Korean Journal of Internal Medicine Vol. 32, No. 5, September 2017 the fungal burden. However, it may be possible to determine whether radiological deterioration is attributable to either IPA progression or IRIS by evaluation of clinical and microbiological parameters, and immunological measures including neutrophil counts. We recently showed that IRIS developed in 25% of neutropenic patients with IPA, and in about 75% of such patients exhibiting neutrophil recovery from radiologically progressive disease [27] . Notably, for an unknown reason, voriconazole seems to trigger IRIS more often than do other antifungal agents [27] . Some antifungal agents exert immunomodulatory effects [28] . The increasing number of available antifungals encourages physicians to change or combine these agents when treating patients exhibiting deteriorating radiological findings during neutrophil recovery. About 66% of our patients had IRIS, associated with reduced mortality and prognoses as good as those of patients exhibiting favorable radiological responses [27] . We therefore believe that close monitoring, without modification of antifungal treatment, is warranted in such patients.
VORICONAZOLE-RESISTANT ASPERGILLUS
Although some Aspergillus species are naturally resistant to azoles, the emergence of acquired azole-resistance has reduced the use of azole drugs in clinical practice [29] .
Acquired azole-resistance may be attributable to longterm exposure of patients to such drugs or environmental exposure to azole compounds [30] . Horizontal gene transfer, commonly associated with the spread of bacterial resistance, is uncommon in fungi; azole-resistance may be acquired by patients (such as those with aspergillosis) undergoing long-term azole treatment [30] . However, environmentally derived resistance is possible when patient risk factors are not evident, particularly in geographical regions where azole fungicides are used to protect crops [30] . Review of local epidemiological data is essential in this context. Recent UK and Dutch studies reported itraconazole-resistance frequencies of 5.0% and 5.3%, respectively; the levels of such resistance have recently increased markedly [31, 32] . In contrast, a Spanish study found that the frequency of itraconazole resistance was only 1.3% [33] . Unfortunately, few studies have yet addressed this issue in South Korea. However, we assume that azole-resistant Aspergillus spp. may be uncommon in South Korea because such strains are rare in Japan [34] .
Although no controlled trial has yet compared recovery from azole-resistant and azole-susceptible infections, preclinical experimental models indicate that azole resistance reduces the efficacy of azole monotherapy [35] , and many clinical studies have reported that azole resistance was associated with treatment failure [31, 32, 35, 36] . No guidelines are yet available for the management of azole-resistant IA, but most experts recommend switching from voriconazole to liposomal amphotericin B, or a voriconazole/echinocandin combination [30] .
PROPOSED APPROACH TO TREATMENT OF VORICONAZOLE-REFRACTORY IA
Although early diagnosis and prompt initiation of voriconazole treatment improves the survival rate of patients with IA [37] , we have occasionally encountered voriconazole-refractory aspergillosis cases. A schematic summarizing our proposed approach to the treatment of voriconazole-resistant IA in South Korea is shown in Fig. 4 ; such a sequential approach may help us to understand the mechanistic basis of resistance, and effectively manage individual cases of voriconazole-refractory IPA. 
CONCLUSIONS
In conclusions, our proposed categorization including (1) misdiagnosis or coinfection, (2) inadequate voriconazole blood levels, (3) inadequate drug concentration in target tissue due to angioinvasion, (4) IRIS, and (5) voriconazole-resistant aspergillosis will help physicians deal with this difficult clinical situation, when encountering a case of voriconazole-refractory IA.
